Selenium is known to play important and biological roles in normal growth, metabolism, antioxidant activity, and anticarcinogenic activity and in reducing the toxicity of heavy metals. [5] [6] [7] Over the last decades, a great variety of techniques and methods have been developed for selenium detection and speciation. [2] [3] [4] 8 Neutron activation analysis, HG-AAS, ICP-MS, and ET-AAS are usually employed for total selenium determination. 1 For determination of inorganic and/or organic selenium species, some hyphenated techniques based on LC coupled with UV spectrophotometry, HG-AAS, HG-AFS, ICP-MS, ICP-AES and electrochemical methods have been reported. 1 The determination and speciation analysis of selenium was carried out by using the catalytic hydrogen wave to improve the sensitivity, 9, 10 adsorptive cathodic stripping, 11, 12 cathodic stripping voltammetry and potentiometry on mercury-film electrodes, [13] [14] [15] copper 16 and silver electrodes. 3 The anodic stripping voltammetry and potentiometry for selenium analysis were reported on bulk gold 17 and gold-film electrode. [18] [19] [20] As a promising alternative for mercury electrode, bismuth electrodes received extensive attention in electroanalysis. 21 Such metal ions as Cd, Zn, Pb, Cu, and Tl can be determined by anodic stripping voltammetry 22, 23 and nickel can be determined by adsorptive stripping voltammetry. 24 To date, however, there is no report about selenium determination and/or speciation analysis with bismuth related-electrodes. We found that the cathodic peak due to Se(IV) was greatly enhanced by the presence of As(III) on the bismuth film electrode. 25 In the present work, an analytical technique based on Osteryang square-wave cathodic stripping voltammetry (OSWCSV) 26 with in situ plated bismuth-film electrodes was developed for the determination and speciation analysis of selenium. The optimization of the developed technique was achieved by varing the main experimental and voltammetric parameters. Traces of Se(IV) could be determined by utilizing the catalytic hydrogen wave that appeared at -1150 mV vs. Ag/AgCl. The proposed method, further, was evaluated by performing the total selenium(VI, IV) determination and speciation analysis of synthetic and natural water samples.
Experimental

Apparatus
A BAS Model CV-50 W voltammetric analyzer (Bioanalytical Systems, USA) was employed for measurements of cyclic voltammetry (CV) and OSWCSV. Unless otherwise stated, the settings for OSWCSV measurements were as follows: 4 mV step potential; 25 mV square wave amplitude; 15 Hz frequency; 10 s rest period prior to cathodic scan. An edge-plane pyrolytic graphite disk (3.0 mm diameter, BAS) was used as working electrode substrate. A platinum wire counter electrode and a Ag/AgCl (sat. KCl) reference electrode were also used.
Reagents and solutions
All solutions were prepared with deionized and distilled water. The reagents used in this study were from Wako Pure Chemical Industries Co. Ltd., Tokyo, Japan). The Se(IV) solution was prepared by diluting a 1000 mg L -1 solution of sodium selenite Na2SeO3 standard for atomic spectroscopy with 0.1 mol L -1 hydrochloric acid. The stock Bi(III) solution was prepared by dissolving BiCl3 in 0.5 mol L -1 hydrochloric acid. The foreign metal ion solutions were prepared by diluting their standard solutions (1000 mg L -1 ) with 0.1 mol L -1 hydrochloric acid; the chemical forms were AlCl3, Ca(NO3)2, MgCl2, NaCl, Cd(NO3)2, Co(NO3)2, NiCl2, MnCl2, Zn(NO3)2, Na2WO4·2H2O, VOSO4, SnCl2, (NH4)6MoO24, SbCl3, Cu(NO3)2, HgCl2, PbCl2, As2O3, Fe(NO3)3, KH2PO4, (NH4)2SO4, and KNO3. All stock solutions were stored in a refrigerator at 2˚C.
Water sample treatment
Synthetic water samples (model samples) were prepared from the standard Se(IV) solutions at different concentrations. After a coastal seawater sample (Mikuni, Fukui, Japan) and a river water sample (Kuzuryu, Fukui, Japan) were taken up, the samples were filtered with a 0.45-μm membrane filter and then acidified to 0.2 mol L -1 hydrochloric acid. For the total selenium analysis, the samples were treated with 6.0 mol L -1 hydrochloric acid at 95˚C for at least 60 min to transform Se(VI) to Se(IV). 8 The resultant sample was further heated to almost dryness, and diluted with water in order to make the total volume constant. All samples were analyzed by the standard addition and background subtraction method.
Preparation of the working electrode
Prior to electrochemical measurement, the edge-plane graphite electrode was cleaned daily by polishing with aluminum oxide slurry and next with a piece of Nuclepore filter paper. The treated electrode was then immersed in 1.0 mol L -1 hydrochloric acid for 1 min, and rinsed with water. After voltammetric measurements, the working electrode was treated as described above and reactivated each time by keeping the electrode potential at 800 mV for 30 s.
Procedure for the OSWCSV determination of Se(IV)
The recommended procedures for the determination of Se(IV) by OSWCSV were set as follows: an aliquot (5.0 mL) of standard Se(IV) or sample solution was placed into a 5.0-mL cell; the reagent solutions were then added to the standard or sample solution, and the total volume of the test solution was finally made up to 10.0 mL with water; the equilibrium concentrations of added reagents except Se(IV) were adjusted to 0.2 mol L -1 hydrochloric acid, 200 μg L -1 Bi(III), and 20.0 g L -1 potassium chloride solution; the Se(IV) was initially reduced at a potential of -500 mV for 30 s in a stirred and non-deaerated solution; after 10 s rest period of time, OSWCSV measurements were carried out by scanning the electrode potential from -400 to -1400 mV to the negative direction.
Results and Discussion
Catalytic hydrogen wave due to selenium(IV) on the bismuthfilm graphite electrode
The electrochemical nature of a catalytic hydrogen wave due to Se(IV) was investigated by cyclic voltammetry (CV). Se(IV) to the blank solution caused an increase of the hydrogen catalytic peak as shown in Fig. 1(A), curve (3) . In order to clarify the electrode process of a catalytic hydrogen wave, we investigated the effect of scan rate (v) on the peak current (Ip). The results indicate that there was no linear relationship between | Ip | and v 1/2 . The value of Ip/v 1/2 was a minimum at 400 mV s -1 scan rate. The enhanced cathodic peak due to Se(IV) at -1150 mV is considered to indicate a catalytic electrode process. 9, 10 Usually, H2SeO3 is the predominant species in 0.1 mol L -1 hydrochloric acid. At a deposition potential of -500 mV, Se(IV) is reduced to H2Se as a result of the 6e -electrode process with in situ plated bismuth film electrode. [27] [28] [29] Together with the freshly formed bismuth, the reduced H2Se was adsorbed onto the bismuth electrode. The hydrogen evolution took place to produce an enhanced peak during the cathodic scan.
Osteryang square wave cathodic stripping voltammetry (OSWCSV) was used for the determination of Se(IV) in aqueous media, because a high catalytic stripping peak current at about -1150 mV was obtained and this current increased with the initial Se(IV) concentration taken, as shown in Fig. 1(B) . This catalytic stripping method enables differential determination of Se(IV) and Se(VI) in natural waters.
Choice of experimental parameters
The effect of hydrochloric acid concentration on the catalytic peak current was investigated. The results shown in Fig. 2 indicate that the catalytic peak current gave a maximum at 0.20 mol L -1 hydrochloric acid. It is likely that chloride ions take 1344 ANALYTICAL SCIENCES NOVEMBER 2007, VOL. 23 part in the catalytic electrode process. 4, 9, 30 In the subsequent experiments, 0.20 mol L -1 hydrochloric acid was chosen as the optimum concentration. Further, 5.0 g L -1 potassium chloride was also added in order to investigate the selection of desirable experimental parameters for selenium determination.
The effect of Bi(III) concentration on the OSWCSV peak current of 20.0 μg L -1 Se(IV) was investigated in the presence of 0.2 mol L -1 hydrochloric acid and 5.0 g L -1 potassium chloride. As seen from Fig. 3 , the peak current was found to decrease exponentially as Bi(III) concentration increased from 20.0 to 500 μg L -1 . Higher concentrations of Bi(III) seem to reduce the production of Se(II) species on the carbon electrode surface, resulting in a decrease of OSWCSV response. In this study, 200 μg L -1 Bi(III) was added to test solutions. The effect of deposition potential on OSWCSV peak current was investigated in the range of -100 to -700 mV vs. Ag/AgCl. The results shown in Fig. 4 indicate that the peak current started a rise at -300 mV and reached a maximum at an applied potential of -500 mV. A gradual decrease of the peak current with decreasing deposition potentials was observed; this is probably because the reduced form H2Se is hard to absorb onto the bismuth electrode at more negative potentials. The effect of deposition time on the peak current was also investigated in the range of 10 to 120 s. The peak current increased linearly as the deposition time increased. In this study, a deposition potential of -500 mV and a deposition time of 30 s were chosen.
Calibration curves and detection limit
Although an S-shaped calibration curve was obtained under the recommended conditions (see Fig. 5 Se(IV). The limit of detection (LOD) calculated as 3σ was 0.025 μg L -1 Se(IV) at 30 s deposition time. This LOD value is lower than those obtained by using HgSe and CuSe, [13] [14] [15] [16] and comparable with that obtained by Rh2Se3, 8 revealing the superior characteristics of the bismuth film electrode for measurement of selenium.
Interference
The effect of foreign ions on the OSWCSV determination of -, NH4 + at 1000-fold amounts, and the same for NO3 -and SO4 2-at a 3000-fold amount. The tolerance levels for L-cysteine, sodium dodecylbenzene sulfonate, polyethylene glycol mono-p-ninylphenyl ether, and EDTA-2Na were 1.5 g L -1 , 1.0 mg L -1 , 1.0 mg L -1 , and 0.1 g L -1 , respectively. The presence of most organic compounds should be avoided for real sample analysis.
Sample analyses
The standard addition and background subtraction method was used for synthetic and real sample analyses. In order to ensure the possibility of selenium speciation, Se(IV) was determined first, followed by total selenium determination, after the reduction of Se(VI) to Se(IV) was conducted with 6 mol L -1 hydrochloric acid. 8 Synthetic samples (models 1 and 2) spiked with known amounts of Se(IV) could be analyzed with good recovery percents. Table 1 summarizes the analytical results of selenium speciation Se(IV) and total selenium in coastal sea water (Mikuni, Fukui, Japan) and river water (Kuzuryu, Fukui, Japan) on four replicate analyses. The analytical results for Se(IV) were 0.203 ± 0.05 and 0.023 ± 0.03 μg L -1 in the seawater and river water samples, respectively ( Table 1) . The Se(VI) values were estimated to be 0.42 -0.43 μg L -1 for the two samples when the Se(IV) value was subtracted from the total selenium. The proposed method could be used to the speciation analysis of natural water samples with satisfactory results. 
